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In this paper, the production of FeCu-based FeCuZr amorphous alloys by ball milling is reported. The
thermal dependence of magnetization for the ~Fe0.5Cu0.5!85Zr15 (at. %) amorphous alloy has been found to
show a dramatic field dependence of the kink point of the magnetization. This kink corresponds to a tempera-
ture different from the Curie temperature, above 400 K, of the ferromagnetic phase, which, according to spin
waves fitting, can be induced by applying external fields. Just above 235 K, the thermoremanence increases
sharply, and this feature strongly suggests an increase of the ferromagnetic ordering under zero field heating.
Neutron diffraction experiments seem to confirm the enhancement of spin alignment. The thermal expansion
above the compensation temperature is proposed to be the origin of the thermoremanence enhancement
through the anti-Invar effect as might be explained within the framework of recent ab initio calculations @M.
van Schilfgaarde et al., Nature ~London! 400, 46 ~1999!#.The FeCu system is a typical one with a high and positive
enthalpy of mixing.1 However, extended regions of meta-
stable solubility can be obtained via several nonequilibrium
processing techniques, such as vapor-quenching,2
sputtering,3 and mechanical alloying.4,5 The crystalline struc-
ture of the FexCu12x solid solutions depends on the Fe con-
tent, being fcc for x,60 at. %, bcc for x.70 at. %, whereas
a mixture of fcc and bcc phases is observed for the interme-
diate composition range. The fcc alloys have attracted a spe-
cial interest because they exhibit ferromagnetic behavior for
a wide range of compositions ~above 20 at. % in Fe!, al-
though fcc-Cu or fcc-Fe at their ground state, are not
ferromagnetic.3,6–8 In particular, EXAFS experiments carried
out in fcc-Fe0.5Cu0.5 ~Ref. 9! have shown that the lattice is
expanded with respect to the fcc Cu lattice, therefore is likely
that Invar effects10 are related to the ferromagnetic behavior
of fcc-FeCu alloys.
To induce amorphicity in the FeCu system we have added
15 at. % of Zr. Notice that FeZr amorphous alloy exhibit
typical Invar properties as high volume magnetostriction11
and a remarkable Curie temperature dependence on the hy-
drostatic pressure.12
Amorphous powders of nominal composition
~Fe0.5Cu0.5!85Zr15 (at. %) were obtained by high energy ball
milling in a planetary mill with hardened stainless-steel vials
and 10 mm diameter stainless-steel balls in a ball-to-powder
weight ratio of 15:1. In order to avoid the oxidation of the
powder during the milling, the vials were sealed under argon
atmosphere prior to the milling. The composition of the final
powder was checked by energy dispersive x-ray analysis
~EDX!. No traces of others elements, such as Cr or Ni, com-
ing from the milling vial or balls were detected in the analy-
sis of the EDX results. X-ray-diffraction pattern shows thePRB 610163-1829/2000/61~21!/14346~4!/$15.00typical broad halo characteristic of amorphous systems; see
Fig. 1~a!. The XRD pattern of a nanocrystalline of a
fcc-~Fe0.5Cu0.5!93Zr7 (at. %) solid solution, with an average
grain size of 6 nm, prepared under the same conditions is
also shown for comparison. The specimens for transmission
electron microscopy ~TEM! studies were prepared mixing a
small amount of the material with acetone and the suspended
particles collected on a grid, which was left to dry and di-
rectly observed in the microscope. TEM observations show
featureless microstructures, Fig. 1~b!, whereas the corre-
sponding diffraction pattern shows a ring characteristic of
the amorphous state, Fig. 1~c!. DSC measurements showed
that the alloy starts to decompose around 500 K into bcc-Fe
and fcc-Cu rich phases. Magnetic characterization was per-
formed using a superconducting quantum interference device
~SQUID! and a vibrating sample magnetometer ~VSM!.
Neutron diffraction experiments were carried out at the DIB
diffractometer of the ILL in Grenoble ~France!.
The temperature dependence of the magnetization mea-
sured under different applied fields is shown in Fig. 2 ~for
low applied fields! and Fig. 3 ~for high applied fields!. The
ZFC/FC curves shown in Fig. 2 exhibit the onset of the irre-
versibility between the ZFC and FC curves for a temperature
around 225 K. Below this bifurcation temperature, the ZFC
curve decreases while the FC curve remains more or less
constant. For applied fields higher than 100 mT, the splitting
between the ZFC and FC curves disappears; see Fig. 3. The
observed behavior points out the existence of several spin
configurations degenerated in energy at low temperatures
and weak applied fields.
At low applied fields ~Fig. 2! the apparent Curie tempera-
ture, Tco , of the amorphous phase, roughly estimated from14 346 ©2000 The American Physical Society
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using the FC measurements, is 235 K. For high applied fields
~Fig. 3! the Curie temperature is above 400 K and can not be
reached without crystallising the sample.
The more remarkable characteristics of the thermal and
field dependence of the magnetization can be summarized as
follows: ~i! the enormous and anomalous field dependence of
the apparent Curie temperature—notice that it increases with
an applied field of 1 T more than one hundred degrees; ~ii! at
FIG. 1. ~a! XRD pattern of the amorphous (Fe0.5Cu0.5!85Zr15
alloy and of the fcc-~Fe0.5Cu0.5!93Zr7 solid solution; ~b! TEM mi-
crograph and ~c! the corresponding electron diffraction pattern of
the amorphous (Fe0.5Cu0.5!85Zr15 alloy.
FIG. 2. ZFC curves ~open circles! and FC curves ~solid circles!
with low applied fields of 5 and 10 mT.low fields ~Fig. 2! the magnetization does not drop to zero
even for temperatures well above the kink point of the mag-
netization. Magnetic impurities as Fe nanocrystals could be
reasonably invoked to account for such behavior. Neverthe-
less, the Curie temperature dependence on the applied field
as well as the thermoremanence data shown below can not be
attributed to impurity effects.
The thermomagnetization data obtained for an applied
field of 5 T ~see Fig. 3! can be fitted according to a Bloch
law, M (T)5M (0)@12BT3/2# . The results of this fitting are
M (0)564.07 emu/g and B59831026 K3/2 and the value
obtained for B is in good agreement with those reported
earlier13 for highly disordered systems. Thus it is inferred
that the low temperature demagnetization under high fields is
dominated by spin-wave excitations thereby indicating the
ferromagnetic character of the spin configuration. Addition-
ally, the experimental value of the magnetic moment per Fe
atom obtained at 5 K is mFe51.74mB , where we have as-
sumed no contribution of the Cu and Zr atoms to the mag-
netization.
It turns out that the ferromagnetic order is achieved under
the action of high applied fields. Therefore, Tco is not a true
Curie temperature. Furthermore, it is important to note that
the observed Tco is in good agreement with those Curie tem-
peratures reported14–18 for Fe-rich FeZr amorphous alloys
with Fe content close to the FeCu content of the sample
presently investigated. It is likely that these reported values
also might correspond to compensation temperatures.19
In order to inquire into the nature of the magnetic phase
transition observed for temperatures above 235 K, we have
measured the temperature dependence of thermoremanence
~TRM! for a temperature range between 5 K and 800 K ~see
Fig. 4!. This experimental data was obtained by cooling the
sample from room temperature to 5 K under an applied mag-
netic field of 10 mT. The field was then removed at 5 K, and
the remanence was measured while heating up the sample to
800 K. The residual magnetic field in the SQUID was deter-
mined to be as low as 0.2 mT.
An unexpected behavior of the TRM is found since it
increases spontaneously for temperatures above 235 K until
it reaches a plateau. The observed increase of the remanence
in the absence of an applied field can only be ascribed to an
increase of the net magnetic moment.
According to data shown in Fig. 4, the zero field magnetic
FIG. 3. ZFC ~open circles! and FC ~solid circles! processes for
high applied fields of 100 mT, 500 mT, 1 T, and 5 T.
14 348 PRB 61BRIEF REPORTSstructure below 235 K is not ferromagnetic and is character-
ized by a negligible average moment. At low applied fields
some average magnetic moment is induced. Since the mo-
ment observed at low temperature is induced by weak ap-
plied fields, there is not contradiction between the magneti-
zation increase at zero field ~Fig. 4! and the magnetization
decrease at 5 mT ~Fig. 2! observed at 235 K. Notice that the
magnetization just above 235 K is 0.25 emu/g in both cases.
Further stronger evidence of the increase of net magnetic
moment associated with the TRM increase has been at-
tempted by neutron diffraction experiments. The diffraction
patterns, measured at temperatures around Tco using steps of
5 K, show a broad S(Q) halo owed to the structure of the
sample. Two sets of spectra were measured at each tempera-
ture ~solid and open symbols in Fig. 5!, to insure that the
observed behavior was not due to any experimental artifact.
As depicted in Fig. 5 the magnitude of the integrated neutron
diffracted intensity surprisingly increases around Tco . This
anomalous behavior suggests a reinforcement of the net
magnetic moment or spin alignment and thus of the ferro-
magnetic order achieved just above Tco when heating at zero
field.
The overall behavior can be summarized as follows: ~i! by
applying high magnetic fields a ferromagnetic configuration
over the whole temperature range, with Curie temperature
above the crystallization temperature, is achieved; ~ii! at zero
field the magnetic structure below 235 K corresponds to a
noncollinear or disordered spin arrangement with negligible
average moment; ~iii! according to differences between ZFC
and FC curves, the low field spin configurations are degen-
erated below Tco ; ~iv! weak fields induce an average mag-
netic moment below 235 K which suddenly drops, without
disappearing, at this temperature; and ~v! zero field heating
~TRM! as well as zero field neutron diffraction experiments
FIG. 4. Thermoremanence after cooling from room temperature
to 5 K under a magnetic field of 10 mT.point out that just above Tco , in absence of any applied field,
a reinforcement of the spin alignment occurs.
In summary, it has been shown that mechanical alloying
enables the production of amorphous FeCu~Zr! alloys. The
magnetic properties of this alloy can be understood by taking
into account two magnetic structures: ~a! a low field non-
collinear ground state with different degrees of spin canting
and compensation temperature of 235 K, and ~b! a high field
induced collinear ferromagnetic configuration, with Curie
temperature above 400 K.
These results might be tentatively explained according to
a new idea derived from recent ‘‘ab initio’’ calculations car-
ried out by van Schilfgaarde et al.20 related to Invar effect at
0 K in crystalline samples. According to that the interatomic
distance is related not only to the amplitude of the atomic
magnetic moment but also to the spin canting. In the case of
the sample reported here the ground state corresponds to a
noncollinear spin arrangement. The increase of temperature
could give rise to an increase of canting producing the drop
of magnetization around 235 K. At high applied fields the
ferromagnetic configuration is induced as evidenced by the
accomplishment of the Bloch law. Even though magnetovol-
ume measurements cannot be performed in our powder
sample the similarity of its overall magnetic behavior with
the Fe rich FeZr amorphous alloys allows us to suggest that
the ferromagnetic phase corresponds to the high volume In-
var configuration.
It has also been shown that by heating at zero applied
field a reinforcement of spin alignment could be induced just
above Tco . We propose that this anti-Invar effect is due to
volume expansion enhanced by the increase of the thermal
expansion coefficient at Tco . Probably the controversial fea-
tures of Fe rich FeZr amorphous alloys13–17 could be ex-
plained by a similar continuous transition, induced by either
temperature or applied field changes, between noncollinear
to collinear spin configurations.
FIG. 5. Integrated neutron diffraction intensity corresponding to
a (Fe0.5Cu0.5!85Zr15 amorphous sample. Open and solid symbols
correspond to different sets of diffraction patterns. The dashed line
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